[1] Lomonosov-Fleming is a 620 km, pre-Nectarian impact basin centered at 19°N, 105°E. Clementine multispectral images and a variety of spacecraft photographs were used to investigate the composition and origin of geologic units in the region. Mare basalt deposits in the Lomonosov-Fleming region are small and exhibit varying degrees of highlands contamination. Four previously unrecognized dark mantle deposits of probable pyroclastic origin were identified and mapped. A major expanse of cryptomare was mapped in and around the Lomonosov-Fleming basin. Spectral and chemical data obtained for dark-haloed craters (DHC) established that these impact craters excavated mare basalt from beneath higher-albedo highlands-rich surface units. The buried basalts exposed by DHCs in the region exhibit a variety of compositions, which range from very low titanium basalt to intermediate TiO 2 mare basalt. Nectarian-aged units with subjacent cryptomare are much more extensive than Imbrian-aged deposits with underlying basalt. At least some of the buried mare basalts in the region may have been emplaced during pre-Nectarian time. While both impact basins and craters played a role in cryptomare formation by transporting highlands material to mare surfaces, the evidence indicates that most of the cryptomare inside the basin are of the distal basin ejecta type. The enhanced FeO and TiO 2 abundances exhibited by these cryptomare surfaces, usually light plains units, demonstrate that ballistic erosion and sedimentation played an important role in their formation.
Introduction
[2] Lomonosov-Fleming is an ancient impact basin on the east side of the Moon. The basin, which is one of the oldest on the Moon, is just out of view from Earth at 19°N, 105°E and is positioned east and northeast of Mare Marginis (Figures 1 and 2) . A number of unusual features exist in the Lomonosov-Fleming (L-F) region, including: bright swirls, groove-like crater chains, dark halo craters, and a concentration of light plains deposits. This pre-Nectarian basin is named for the Nectarian-aged crater Fleming (130 km, 15°N, 109.5°E) and the lower Imbrian-aged crater Lomonosov (93 km, 27.5°N, 98°E), which is mare filled. The basin was originally detected by mapping mounds, ridges, and scarps which connect to define an arcuate partial ring that is 620 km in diameter. These morphologic features delineate the rim of the basin. Wilhelms and El-Baz [1977] and Wilhelms [1987] were only able to map a partial basin ring. This is why the white dashed circles in Figures 2 and 3 are not complete. The degraded Lomonosov-Fleming basin has an unusual topography [Wilhelms and El-Baz, 1977] . No interior ring is observed and the basin interior appears as a quasi-circular, smooth plateau of nearly constant elevation about 500 km across [Spudis, 1995] .
[3] Schultz and Spudis [1979, 1983] identified several dark-haloed impact craters in the Lomonosov-Fleming region and suggested that the basin was the site of ancient mare volcanism. Buried mare deposits such as these were designated as cryptomare by Head and Wilson [1992] . These workers stated that cryptomare means ''covered or hidden mare deposits that are obscured from view by the emplacement of subsequent deposits of higher albedo.'' Studies of cryptomaria can provide information that is critical to understanding the evolution of the Moon. At present, the time of the onset of mare volcanism is not known. Since cryptomaria represent the earliest mare basalts, determination of their ages will provide information concerning the initiation of extrusive mare volcanism. -55-8202) . The degraded partial basin ring is indicated by a white dashed line [Wilhelms and El-Baz, 1977] . Extensive light plains deposits are visible in the interior of the basin, which is 620 km in diameter. Mare deposits occur on the interiors of such craters as Joliot (diameter = 164 km) and Lomonosov (diameter = 84 km).
Cryptomaria were formed by magmas generated by the earliest partial melting of the lunar mantle. Chemical data for cryptomaria provides evidence concerning the composition of these early partial melts.
[4] In the immediate post-Apollo era, numerous workers related the composition and age of mare units as a function of position on the lunar surface [e.g., Soderblom and Lebofsky, 1972; Soderblom et al., 1977; Head, 1976] . It was noted that basaltic deposits on the eastern portion of the nearside were generally old (3.8 -3.5 Ga) and titanium-rich, while mare units on the western side were younger and exhibited relatively low TiO 2 values. These observations lead to the suggestion that the earliest mare basalts were titanium-rich. Since it is now known that cryptomaria are the oldest mare basalts [e.g., Head and Wilson, 1992] determination of their compositions will allow this hypothesis to be tested. A mafic geochemical anomaly was identified in the southwestern portion of the LomonosovFleming region (Figure 3 ) using Apollo orbital geochemistry data [Haines et al., 1978; Hawke and Spudis, 1980; Hawke et al., 1985; Clark and Hawke, 1991] . It has been suggested that this mafic geochemical anomaly is due to the presence of cryptomare deposits in this area [e.g., Hawke and Spudis, 1980] . Cryptomaria may prove to be responsible for mafic anomalies in the Lunar Prospector data sets elsewhere on the Moon [Hawke et al., 2003] . Finally, it has been suggested that cryptomare units played an important role in the formation of some lunar light plains deposits [e.g., Hawke et al., 1985; Head et al., 1993] .
[5] Clementine multispectral images and a variety of spacecraft photographs were used to investigate the composition and origin of geologic units in the LomonosovFleming region. The goals of this study include the following: (1) to determine the origin and distribution of dark halo craters in the region, (2) to study the composition of surface units in and around the L-F basin region, (3) to search for possible cryptomaria and to investigate the processes responsible for their formation, (4) to determine the composition and age of the buried mare units, and (5) to investigate the processes responsible for the formation of the Lomonosov-Fleming light plains deposits.
Methods
[6] The primary data used for this study were images from the Clementine UV-VIS camera. The Clementine images provide high spatial resolution ($100 -200 m/pixel) and illustrate local and regional spatial relationships, but are (Table 1) . The arrow indicates a small crater that has excavated mare material from a dark layer on the wall of Lobachevskiy. Portions of the ejecta deposit of the small crater are dark and exhibit enhanced FeO values. The Lomonosov-Fleming basin ring is shown as a white dashed line. of low spectral resolution (five channels between 0.4 and 1.0 mm). However the bandpasses of the UV-VIS camera filters (415, 750, 900, 950 , and 1000 nm) were chosen specifically for lunar study by the Clementine science team to maximize the information content returned by this multispectral instrument [Nozette et al., 1994] .
[7] The U.S. Geological Survey's Astrogeology Program has published on CD-ROM a Clementine five-color UV-VIS digital image model (DIM) for the Moon Robinson et al., 1999; Isbell et al., 1999] . Data from this DIM were mosaicked to produce an image cube in simple cylindrical projection centered on the LomonosovFleming region, at 1 km/pixel spatial resolution (Figure 3 ). This calibrated image cube served as the basis for the production of a number of other data products, including FeO and TiO 2 maps (Figures 4b and 4c ). Image cubes with higher spatial resolution (100 m/pixel) were produced for selected areas (e.g., Figures 5 and 6 ).
[8] The 750 nm images are extracted directly from the digital image model and required only minimal histogram stretching for presentation (Figures 3, 5a , and 6a). The FeO maps (Figures 4b, 5b, and 6b) were prepared using the algorithms of Lucey et al. [2000a] . The Lucey method for mapping FeO content relies on 750 nm reflectance and 950 nm/750 nm ratio images to measure the spectral effects of ferrous iron in major lunar minerals such as pyroxene and olivine. The technique accounts for the competing optical effects of the submicroscopic metallic iron that is produced as rocks are exposed to micrometeorite bombardment and solar wind implantation at the lunar surface [Lucey et al., (Figures 4c, 5c , and 6c) were produced using the method described by Lucey et al. [2000a] . This technique utilizes a spectral parameter derived from 750 nm reflectance and 415 nm/750 nm ratio images. The mapping from the color albedo parameter to wt % TiO 2 is based on an understanding of the spectral effects of the Ti-rich opaque mineral ilmenite (FeTiO 3 ) as a component of a mineral mixture comprising the lunar regolith at the locations sampled by Apollo and Luna [Blewett et al., 1997; Jolliff, 1999; Lucey et al., 1998 Lucey et al., , 2000a Blewett and Hawke, 2001] . Optical maturity (OMAT) images (Figures 4d, 5d , and 6d) were produced using the algorithms of Lucey et al. [2000b] to provide information on the relative maturity of various features in the study area. Optical maturity parameter data are useful for investigating the relative ages of deposits associated with DHCs.
[9] Past nearside studies have had the advantage of using detailed ground-based spectra for the analysis of dark halo craters [e.g., Hawke and Bell, 1981; Hawke et al., 1989; Blewett et al., 1995] . Near-infrared spectra as presented by these workers provided detailed mineralogical information on dark halo deposits. Farside studies such as this one must rely solely on spacecraft-gathered data. While data with high spectral resolution are not available, recent efforts have demonstrated that Clementine five-point spectra can be used to derive a number of diagnostic parameters that can be used to determine the lithology of areas for which the spectra were obtained [Tompkins and Pieters, 1999; Pieters et al., 2001] . We have used five-point spectra extracted from the calibrated and registered Clementine UV-VIS images [Robinson et al., 1999; Isbell et al., 1999; Eliason et al., 1999] to investigate the composition of units in the Lomonosov-Fleming region (Figure 7 ). The techniques described by Tompkin and Pieters [1999] were utilized. The dark halo crater spectra shown in Figure 7 are the average of nine pixels selected to avoid steep slopes and to be representative of the dark ejecta. The areas for which these spectra were collected are indicated in Figures 5a and 6a. In addition, spectra for two fresh highlands craters and one fresh mare crater in the L-F region are shown in Figure 7 .
[10] The average FeO and TiO 2 values for the least contaminated portions of the dark halos are listed in Table 1 for the 17 DHCs shown in Figure 3 . The values are the maximum values for the dark halos and they were obtained by averaging a 2 Â 2 pixel (100 m/pixel) matrix in the area of the highest chemical concentration. Care was taken to avoid slopes because of topographic effects that may affect the FeO and TiO 2 estimates.
[11] The chemical values and ages determined for mare basalt deposits in the Lomonosov-Fleming region are given in Table 2 . The ages are those presented by Wilhelms and El-Baz [1977] . The FeO and TiO 2 abundances are peak values for each area and were derived by averaging a 2 Â 2 pixel (1 km/pixel) matrix around the area of highest chemical concentration. craters (DHCs) in the Lomonosov-Fleming region. Clementine 750 nm images are well suited for mapping DHCs because of their high spatial resolution and because they were obtained at a relatively low phase angle. The locations of 17 of the best developed DHCs are shown in Figure 3 . These 17 craters were selected because their dark halos are prominent and complete. It is important to distinguish endogenic craters which may have dark halos of pyroclastic debris from exogenic impact craters. The criteria used to positively identify dark halo impact craters were largely derived from those given by Schultz and Spudis [1979] , Head and Wilson [1979] , and Hawke et al. [1985] . Head and Wilson [1979] noted that exogenic craters are generally circular, have a depth/diameter ratio of about 1:5 for fresh craters smaller than 10 km, exhibit braided ejecta facies and secondary craters, and have an uplifted rim. Endogenic craters often have a noncircular shape and are commonly aligned with rilles, fractures or other lineaments. In addition, volcanic craters do not exhibit a raised rim, rays, or secondary craters. Endogenic craters have depth/diameter ratios that are generally less than those of impact structures. Hawke et al. [1985] described additional criteria for distinguishing endogenic from exogenic craters using remote sensing data.
[13] These criteria were applied to the DHCs identified in the Lomonosov-Fleming region. It was determined that all of the dark halo craters were formed by impact. No endogenic craters were identified. These impact craters were further examined, as some dark halos surrounding impact craters are potentially deposits of dark impact melts [Howard and Wilshire, 1975; Hawke and Head, 1977; Hawke et al., 1979; Smrekar and Pieters, 1985] . These melt deposits may be recognized by their preferential concentration in topographic lows [Schultz and Spudis, 1979] , the presence of cooling cracks and fluid flow features [Hawke and Head, 1977] , and a spectral signature indicative of highland compositions [Bell and Hawke, 1984] . Impact melt deposits are generally confined to narrow zones near the rim crest and are surrounded by ejecta deposits that exhibit albedo values similar to fresh lunar highlands [Bell and Hawke, 1984] . Schultz and Spudis [1979] note that albedo contrasts between impact melts and ejecta deposits decrease rapidly with time, thus misidentification of impact melts as basaltic dark halos should only be of concern for very young craters [Antonenko et al., 1995] . Melts around the very young craters will appear mature in optical maturity images [Hawke et al., 2002] . The dark halo craters identified in Figure 3 do not exhibit proximal impact melt deposits. Instead, dark mafic material was excavated from beneath a higher-albedo surface layer by the impacts.
[14] Dark halo impact craters were identified in all sectors of the Lomonosov-Fleming region (Figure 3 ). The majority [15] Another concentration of DHCs occurs outside of the basin, just southeast of Mare Marginis, in the southwestern portion of the L-F region (craters 14, 15, 16, and 17 in Figure 3 ). Also outside the basin is a group of DHCs associated with Lobachevskiy crater (craters 12 and 13 in Figure 3 ). Lobachevskiy is 85 km in diameter and is located at 9.9°N 112.6°E. 3.1.2. Clementine Composition, Maturity, and Spectra
[16] The FeO and TiO 2 maps (Figures 4b, 4c , 5b, 5c, 6b, and 6c) produced from Clementine UV-VIS images were used to determine the compositions of DHCs in the L-F region. The average values for the least contaminated portions of the dark halos are listed in Table 1 for the 17 craters shown in Figure 3 . The FeO values range from 10.1% to 16.3%. These values approach those exhibited by regoliths developed on typical nearside mare basalts (15 -21%) [Lucey et al., , 2000a . The same dark halo impact craters have excavated material with TiO 2 abundances of 0.4 to 4 wt% (see Table 1 ). The low end of this range is close to the average highlands background value. The high end of the TiO 2 range (4 wt%) is higher than that of any other known DHC ejecta deposit.
[17] At this point, we want to emphasize that Clementine estimates of FeO and TiO 2 values for basaltic surfaces are lower than the values determine by laboratory analyses of returned basaltic samples [e.g., Giguere et al., 2000] . This is because the Clementine data record information about soils which are a mixture of various rock types, rather than samples of a single rock type. Korotev [1998] noted that all soils from the maria are poorer in FeO and richer in Al 2 O 3 than the corresponding mare basalts, reflecting the presence of highland material in the soils. Giguere et al. [2000] noted that the regolith samples collected from basaltic surfaces at the Apollo 11, 12, 15, and 17 landing sites have lower TiO 2 and FeO values than mare basalt samples collected at the same site. The soil samples are diluted with lower-TiO 2 highland material, and the resultant material has TiO 2 values 10 to 32% lower than the rock samples. It is important to bear in mind that the chemical values determined for mare surfaces by remote sensing techniques are for regoliths that may be contaminated by varying amounts of highlands debris.
[18] Figure 4d shows the relative maturity of features in the Lomonosov-Fleming region. Bright features are less mature than dark features. The most prominent impact crater visible in this image is Giordano Bruno (diameter = 22 km) which is located north of the L-F basin. Giordano Bruno has a strong set of immature ejecta rays that extend across the basin to the south. King crater (diameter = 77 km) is located southeast of the L-F region (5.0°N, 120.5°E) and exhibits immature rays that extend northwest well into the confines of the basin (Figure 4d ). The majority of dark halos These are the maximum values for the dark halos, and they were obtained by averaging a 2 Â 2 pixel matrix in the area of the highest chemical concentration.
b The percentage of mare basalt in the dark halo deposit was calculated using assumptions and the method given in the text (section 3.4.2.1). c The concentration of TiO 2 was calculated for the mare basalts excavated by DHCs using the method described in the text (section 3.4.2.1). associated with the dark halo craters are not bright in this image (Figure 4d ) indicating that the halos are fully mature. The low albedo of the dark halo craters is due to the composition of the darker, high-iron, mare material that has been excavated and become mature with age. Immature debris is, however, commonly exposed on the interior walls of these craters. The most prominent dark halo crater (Table 1, crater 7) has an ejecta blanket that is less mature than the background (Figure 6d ). The halo on this crater has not reached steady state maturity and will grow even darker in time.
[19] Five-point spectra were acquired for fresh impact craters in the Lomonosov-Fleming region in order to investigate the mineralogy and lithology of a variety of geologic units. A comparison of DHC spectra with those obtained for fresh mare and highlands craters would allow us to confirm that mare basalts were excavated by DHCs and to assess the amount of contamination of DHCs by highland debris. An analysis of five-point spectra obtained for the ejecta deposits associated with several fresh impact craters in the highlands to the north and northeast of the Lomonosov-Fleming basin indicated that these craters expose material dominated by noritic anorthosite or anorthositic norite. The two representative highland spectra shown in Figure 7 (A and B) were obtained for immature noritic anorthosite lithologies. A spectrum for the exterior deposits of a relatively young impact crater in a mare region is shown in Figure 7 (F). It exhibits a ''1 mm'' absorption feature and the band shape indicates a mafic assemblage dominated by high-Ca clinopyroxene.
[20] Four spectra were obtained for two dark halo craters in the Lomonosov-Fleming basin. They were acquired for the dark exterior deposits surrounding the craters, and are shown in Figure 7 (C, D, E, and G). Two spectra (E and G) were obtained for the prominent DHC near the center of the L-F basin (crater 7 in Figures 3 and 6 ). These spectra have relatively strong ''1 mm'' absorption bands that are centered near 0.95 mm, which suggest the dominance of high-Ca pyroxene. The spectra (E and G) are very similar to the spectrum (F) collected for the fresh mare crater. The areas for which all three spectra (E, F, and G) were obtained are dominated by relatively immature mare basalt. Two additional spectra (C and D) were obtained for the dark halo of a small DHC on the floor of Deutsch crater (crater 4 in Figures 3 and 5 ). These spectra exhibit higher reflectance values than those of crater 7. The spectra (C and D) have moderately strong ''1 mm'' bands centered near 0.95 mm. The portions of the dark halo for which these spectra were obtained are composed of immature mare basalt contaminated with significant amounts of highlands debris.
Mare Basalt Deposits
[21] Mare basalt deposits are not common in the Lomonosov-Fleming region but a few were identified and mapped by Wilhelms and El-Baz [1977] . The mare units are concentrated in the northwestern portion of the L-F region (Figures 2, 3 , and 4a) and generally occur as floor deposits in flooded craters. The eastern portion of Mare Marginis is also located in the L-F region. Wilhelms and El-Baz [1977] used stratigraphic relations and the density of small superposed craters to map two units of mare material in the region, older (Im 1 ) and younger (Im 2 ). In the LomonosovFleming region, the younger Im 2 unit is found only on the interior of Lomonosov crater and in portions of eastern Mare Marginis.
[22] In this study, we have used the FeO and TiO 2 data as well as relative albedo values to characterize the mare deposits in the L-F region. The age, FeO, and TiO 2 data for mare basalt deposits in the L-F region are presented in Table 2 . The FeO and TiO 2 values listed in Table 2 are the maximum abundances exhibited for what appear to be the least contaminated portions of each mare deposit. The FeO values for the older Im 1 deposits range from 11.9% to 14.2% These values are significantly lower than those exhibited by soils developed on typical nearside basalts (15 -21%) in the major basins [e.g., Lucey et al., 1998 Lucey et al., , 2000a . While it is possible that low-FeO magmas were erupted in this part of the lunar surface, this is probably not the case. The FeO distribution patterns on the mare deposit surfaces (Figure 4b) indicate that contamination by low-FeO highlands material derived from the surrounding terrain was important in producing the depressed FeO values on the surfaces of the mare ponds. The lateral transport of highlands material can easily contaminate a mare deposit with a small spatial extent [Mustard et al., 1998; Li and Mustard, 2000] . The older Im 1 , deposits have lower FeO values (12 -14%) than those associated the younger Im 2 mare deposit in Lomonosov crater ($15%). The older deposits have had more time to be contaminated by low-iron highland debris. In addition, many of the mare deposits in the L-F region are relatively thin, which promotes contamination by vertical mixing processes [e.g., Rhodes, 1977] .
[23] Finally, it should be noted that several contaminated mare ponds in the L-F region exhibit relatively high albedos and relatively low FeO values. These include Edison (11.9% FeO) and Artamonov (12.9% FeO). With the passage of time, these mare surfaces will become even more contaminated and exhibit even lower FeO abundances.
Dark Mantle Deposits
[24] Several dark mantle deposits (DMD) of probable pyroclastic origin occur in the L-F region (Figure 4a ). Regional dark mantle deposits (RDMD) on the lunar nearside (e.g., Aristarchus Plateau, Rima Bode) have been described and characterized by several workers [e.g., Pieters et al., 1973; Adams et al., 1974; Zisk et al., 1977; Gaddis et al., 1985] . The regional dark mantle deposits exhibit very low albedos, have smooth surfaces, and blanket and subdue subjacent terrain. The larger RDMD can cover areas of 1000s of km 2 and have maximum thicknesses of several 10s of meters [Gaddis et al., 1985; Hawke et al., 1990] . RDMDs are composed of pyroclastic glasses and spheres emplaced by explosive volcanic eruptions. The regional pyroclastic deposits are distinct from the small, localized dark mantle deposits (LDMD) which surround endogenic craters of the floors of such nearside craters as Alphonsus, Franklin, Atlas, and J. Herschel [Head and Wilson, 1979; Gaddis et al., 1985 Gaddis et al., , 2000 Hawke et al., 1989] .
[25] Four dark mantle deposits of probably pyroclastic origin were identified and mapped in the LomonosovFleming region (Figure 4a ). These DMDs are characterized by relatively low albedos (Figure 3 ) and moderately high (11 -14%) FeO abundances (Figure 4b ). Caution should be used when interpreting FeO values reported for lunar pyroclastic deposits because the method developed by Lucey et al. [1995 Lucey et al. [ , 1998 Lucey et al. [ , 2000a is not calibrated for estimating FeO abundances in all types of pyroclastic debris. Dark material appears to be draped over rugged subjacent terrain. While the DMDs in the L-F region are not confined to small areas around endogenic craters like LDMD, they are not as extensive or as dark as the RDMDs on the lunar nearside. We suggest that the L-F DMDs were originally relatively thin and have been contaminated by impact mixing with the underlying highlands material. The DMDs in the L-F region are located south of the mare unit in Edison crater, northwest of Artamonov crater, inside and northwest of Dziewulski crater, and southeast of Richardson crater (Figure 4a ).
Cryptomare in the Lomonosov-Fleming Region
[26] The Lomonosov-Fleming basin contains few surface exposures of mare material. However, the large numbers of dark halo impact craters within the basin (Figure 3) indicate the presence of mare material below the surface. A hidden mare deposit obscured by higher albedo material is referred to as a ''cryptomare'' [Head and Wilson, 1992; Antonenko et al., 1995] . 3.4.1. Identification, Distribution, and Thicknesses of Cryptomare Deposits
[27] Several workers have devised criteria for the identification of cryptomare [e.g., Schultz and Spudis, 1979; Hawke and Spudis, 1980; Hawke et al., 1985; Antonenko et al., 1995] . A classification of evidence for cryptomare identification was presented by Antonenko et al. [1995] . The major criteria are (1) the presence of dark-haloed impact craters, (2) association with mafic geochemical anomalies, and (3) the presence of a significant component of mare basalt in the high albedo surface unit as determined by spectral mixing analysis [Mustard et al., 1992; Head et al., 1993; Blewett et al., 1995] .
[28] We have used the location of dark-haloed impact craters (Figure 3 ) as well as FeO and TiO 2 maps (Figures 4b,  4c , 5b, 5c, 6b, and 6c) to determine the distribution of cryptomare in the Lomonosov-Fleming region. Other evidence included the identification of mare basalt outcrops on crater walls and the occurrence of impact craters with partial or faint dark haloes which exhibit enhanced FeO abundances. Basalt layers in crater walls were identified on the basis of their low albedo and enhanced FeO values (see arrow in Figure 3) . A map showing the distribution and extent of cryptomare in the L-F region is presented as Figure 4a . Strong evidence was required before a cryptomare was mapped in Figure 4a . Hence it represents a fairly conservative estimate of the total extent of cryptomare in the region.
[29] Previous efforts to map cryptomare deposits on the Moon have not indicated the exact location of the buried mare units. In this study, we have used the criteria described above to determine the actual sites of ancient basaltic volcanism in the L-F region. Since a major goal of this investigation was to determine the processes responsible for the formation of the L-F light plains deposits, cryptomare associated with light plains deposits are labeled CMa and shown as yellow in Figure 4a . Cryptomare which occur beneath all other highlands units are labeled CMb and indicated by the color purple in Figure 4a . These other highlands units are mantled and partly mantled terra material (units It, Nt and NpNt of Wilhelms and El-Baz [1977] ) and large crater ejecta deposits. It should be noted the mantled and partly mantled terra material mapped by Wilhelms and El-Baz [1977] does not exhibit a low albedo and should not be confused with the dark mantle deposits of probable pyroclastic origin discussed in previous sections.
[30] Buried mare deposits are most extensive within the Lomonosov-Fleming basin. At least one third of the area in the basin interior is mapped as cryptomare. The largest deposit is correlated with light plains of Imbrian and Nectarian age [Wilhelms and El-Baz, 1977] and begins just west of the center of the basin, extends east almost to the edge of the basin (CMa in Figure 4a ). Many Nectarian and pre-Nectarian craters within the basin contain cryptomare. These include Deutsch, Fleming, and Hertz craters. Within the L-F basin, cryptomare associated with light plains units (CMa, yellow in Figure 4a ) are much more extensive than cryptomare covered by other units (CMb, purple in Figure 4b ). In the southern portion of the L-F region, mare units were buried by the highlands-rich ejecta of Lobachevskiy and Moiseev craters (CMb in Figure 4a) .
[31] A major expanse of cryptomare is located in the southwestern portion of the map area (Figure 4a ). These buried mare basalts are outside of the L-F basin and just southeast of Mare Marginis. Most of the cryptomare deposits are associated with Imbrian and Nectarian plains but some ancient mare basalts are covered by mantled and partly mantled material of Imbrian and Nectarian age. These eastern Marginis cryptomare deposits are a northern extension of the geochemically anomalous geologic province northeast of Mare Smythii [Hawke and Spudis, 1980; Hawke et al., 1985; Clark and Hawke,1991] .
[32] How thick are the cryptomare deposits in the Lomonosov-Fleming region? The dark halo impact craters range in diameter from 2 km to 27 km (Table 1) . Most are less than 15 km in diameter. A conservative estimate of the maximum depth of excavation lunar impact craters is 0.1 of the diameter [Croft, 1980; Pike, 1977 Pike, , 1980 . Hence most mare basalts were excavated from depths of <1.5 km. However, some mare material may have been derived from depths as great as 2.7 km. Although the thickness of buried mare deposits appears to be variable, ancient mare basalt flows may be 2 -3 km thick in some portions of the L-F region.
Compositions and Ages of Cryptomare Deposits
[33] Because the most ancient mare basalts were formed by magmas generated by the earliest melting of the lunar mantle, chemical data for crytomaria provide information concerning the composition of these early partial melts. Hence we have made a strong effort to determine the compositions of the buried mare units in the L-F region. We have investigated whether cryptomare deposits in the region represent one or multiple basalt types and how these compositions compare to those determined for nearside mare deposits [e.g., Lucey et al., 1998 Lucey et al., , 2000a Giguere et al., 2000] as well as those elsewhere on the lunar east side [Gillis and Spudis, 2000] .
Compositions of Buried Mare Basalts
[34] We used the compositions of the dark-haloed impact craters shown in Figure 3 to investigate the compositions of the buried basalt. The chemical data for DHCs presented in Table l must be used with caution because the dark halos are contaminated by variable amounts of highlands debris. This contamination occurred by impact mixing during the formation of the crater or by vertical mixing or lateral transport of highlands-rich material after the cratering event. Spectra for two very fresh DHCs are shown in Figure 7 (C, D, E, and G). Crater 7 (E and G in Figure 7 ) exhibits spectral parameters (e.g., relatively strong absorption bands centered near 0.95 mm) that indicate the dark halo is dominated by mare basalt and only minor amounts of highland material are present. In contrast, the halo of crater 4 (C and D in Figure 7 ) contains significant amounts of highlands debris. In both of these cases, the highlands material was derived from the highlands-rich unit that covered the buried basalt layer. Some of the other DHCs within the L-F basin are much older (e.g., craters l, 2, 3, and 5 in Figure 5 ) and at least some of the contamination is due to vertical mixing and lateral transport from the surrounding terrain.
[35] In a first-order effort to correct for the effects of highlands contamination, we have listed only the maximum FeO and TiO 2 values for each dark halo crater in Table 1 . These values should most closely approximate those of the buried mare deposits. The FeO and TiO 2 values range between 10.1% and 16.3% FeO and from 0.4% to 4.0% TiO 2 . The values for the DHCs within the LomonosovFleming basin suggested that several different mare compositions were exposed by DHCs inside of the L-F basin.
[36] In order to determine the actual compositions of buried mare basalts in the L-F region, efforts were made to correct for the effects of highlands contamination. We can estimate the concentration of TiO 2 in highlands-free cryptomare material by assuming that the uncontaminated mare basalt averages 18 wt% FeO and that the local highlands average 4.0 wt% FeO. These values are based on measurements of the FeO values exhibited by the ejecta deposits of immature craters in the L-F region. Since these values were obtained for immature soils, contamination should be minimal and the FeO should closely represent those of the excavated rocks. This allows us to calculate the percentage of mare material in the ejecta surrounding a dark halo crater. In turn, by assuming an average TiO 2 content in the highlands of 0.3 wt%, and knowing the amount of mare material in the mixture from the FeO calculation, we can determine the average TiO 2 concentration of a given cryptomare deposit. These calculated TiO 2 abundances are listed in Table 1 . By varying the assumed amounts of FeO in pure mare and in the highlands, and varying the amount of TiO 2 in the highlands materials, we estimate that the uncertainty in our calculations of cryptomare TiO 2 abundances is about 20% of the amount present.
[37] A histogram of the calculated TiO 2 values for the buried mare basalts that were exposed by DHCs in the L-F region is shown in Figure 8 . Craters 3, 13, and 15 expose buried mare basalts with calculated TiO 2 abundances of 1.0% or less. Hence at least three deposits of VLT basalt exist in the L-F region. Craters 7 and 17 expose mare material with calculated TiO 2 concentrations of 4.2% and 4.5%. Both the measured and calculated TiO 2 values for these DHCs (Table 1) indicate that intermediate TiO 2 basalts were emplaced in the L-F region. The TiO 2 values determined for these two craters are higher than those of dark halo impact craters which expose cryptomare elsewhere on the Moon. In summary, a variety of mare compositions were exposed by DHCs in the L-F region. While these compositions range from VLT basalts to intermediate TiO 2 mare basalts, most are low-TiO 2 basalts. Since the accuracy of the TiO 2 mapping algorithm is $1% [Lucey et al., , 2000a , it seems likely that the vast bulk of the buried mare basalts in the L-F region are VLT or low-TiO 2 basalts.
Compositions of Cryptomare Surfaces
[38] In order to better understand the processes responsible for the formation of cryptomare in the L-F region, the compositions of the surfaces of the cryptomare deposits were investigated. The cryptomare units mapped in Figure 4a exhibit FeO values that range between 7 and 11%. The higher values are generally associated with the DHCs mapped in Figure 3 . The L-F cryptomare surfaces have TiO 2 values that range from 0.5% to 1.5% (Figure 4c ). The higher TiO 2 values (1.0% to 1.5%) are generally associated with the buried mare basalts southeast of Mare Marginis. Slightly lower TiO 2 values (0.5% to l.0%) are typical of cryptomare units within the L-F basin. On the basis of an analysis of Mariner 10 multispectral images, Robinson et al. [1992] noted slightly enhanced TiO 2 values in the L-F region. These FeO and TiO 2 values are greater than the average values (4.0% FeO and 0.3% TiO 2 ) determined for the background highlands material. Clearly, major amounts of mare material were incorporated into the surface of the cryptomare during the emplacement of the highlands material that obscures the ancient mare basalt.
[39] An effort was made to estimate the amount of mare material in the surfaces of the deposits that obscure the ancient basaltic deposits. Calculations were made using the techniques and assumptions described above. By assuming that pure, uncontaminated buried mare basalt averages 18 wt% FeO and that the local highlands average 4.0 wt% FeO, we can calculate the percentage of mare material in the regolith. The results indicate that the surfaces of the cryptomare deposits contain 21% to 50% mare debris.
Ages of Buried Mare Units
[40] It is important to determine the ages of the buried mare basalts in the L-F region. Most of the cryptomare on the interior of the L-F basin are associated with light plain deposits of Nectarian age. A smaller area of cryptomare is covered by light plains of Imbrian age. However, craters 3 and 11 (Figure 3 ) excavated mare basalt from beneath Nectarian-aged and pre-Nectarian-aged material of partly mantled terra (NpNt [Wilhelms and El-Baz, 1977] ). Crater 6 excavated mare material from the wall of the Nectarian age crater. The evidence indicates that mare basalts were emplaced in the Lomonosov-Fleming basin during Nectarian time. Volcanism continued at a reduced rate during Imbrian time before ending in the late Imbrian. Since mare basalt was excavated from beneath a unit (NpNt) that is part composed of pre-Nectarian material, it is possible that some mare material was emplaced in the basin during the preNectarian period.
Processes Responsible for the Formation of Cryptomaria
[41] There are several different processes that can lead to the burial or obscuration of a mare deposit and subsequent formation of a cryptomare [e.g., Schultz and Spudis, 1979; Hawke and Bell, 1981; Hawke et al., 1985; Antonenko et al., 1995] . The first is the Copernicus-type in which an impact crater covers a mare unit with highlands-rich primary ejecta. The second is the Balmer-type crytomare which involves the contamination of a mare surface with highlands debris contributed by nearby craters. The third type involves the burial of ancient mare basalts by the proximal ejecta of large impact basins. The fourth type involves the obscuration of mare deposits by the distal deposits of impact basins. Examples of three of the four processes can be identified in the Lomonosov-Fleming region. 3.4.3.1. Copernicus-Type Cryptomare
[42] At Copernicus crater, highlands-rich, continuous ejecta covers underlying mare material, the existence of which has been confirmed by the presence of dark-haloed craters whose spectra clearly indicate that basaltic material has been excavated [Pieters, 1977; Hawke and Bell, 1981; Bell and Hawke, 1984; Pieters et al., 1985] . The presence of dark halo impact craters on the ejecta blankets of Theophilus, Langrenus, Maunder, and other large impact structures demonstrates that mare deposits are buried by their continuous ejecta deposits. Cryptomare that were formed by the burial of mare basalts by the thick continuous deposits of a single, proximal impact crater are termed Copernicus-type cryptomare because the relationship was first conclusively demonstrated at Copernicus crater. It should be noted that the term ''Copernicus-type'' has no age connotation and only refers to the mechanism of cryptomare formation. However, most Copernicus-type cryptomare do not have ages >3.8 Ga and are not the products of the earliest volcanic eruptions on the Moon.
[43] In the Lomonosov-Fleming region, Copernicus-type cryptomare deposits are associated with Lobachevskiy and Moiseev craters (Figure 4a ). Lobachevskiy is an Imbrianaged crater with a diameter of 85 km. Two dark halo impact craters (craters 12 and 13, Figure 3 ) excavate mare basalt from beneath the Lobachevskiy ejecta deposits. Since mare material can be identified on the inner wall of Lobachevskiy (see Figure 3) , a basalt deposit was also present in at least a portion of the pre-impact target site.
Balmer-Type Cryptomare
[44] At greater distances from an impact crater, mare basalt units may still be obscured by the compound effects of discontinuous, distal ejecta deposits of several nearby impact craters [Antonenko et al., 1995; Hartmann and Wood, 1971] . Such a situation was identified by Hawke and Spudis [1980] and Hawke et al. [1985] in the Balmer basin region. They noted that the light plains units within the basin are surrounded (within 250 km) by five major impact structures (Petavius, Langrenus, Humboldt, Ansgarius, and La Perouse) which range from Copernican to early Imbrian in age. Calculations based on ejecta distribution equations [McGetchin et al., 1973] as well as the presence of secondary crater chains and clusters and rays indicate that these impacts contributed significant amounts of highlands material to the Balmer plains units. The net result of the nearby impacts was the production of a thin surface layer enriched with variable amounts of highlands debris. Such a surface would exhibit a higher albedo than an uncontaminated regolith developed on mare basalt [see Hartmann and Wood, 1971; Hawke et al., 1985] and would appear to be a light plains unit. Dark halo impact craters were developed on the surface of the Balmer light plains by the excavation, emplacement, and maturation of pure mare basalt. Cryptomare that were formed by the contamination of mare surfaces by highlands-rich distal crater ejecta are termed Balmer-type because this process of cryptomare formation was first demonstrated in the Balmer basin region. It should be noted that Balmer-type cryptomare are usually associated with light plains units.
[45] Balmer-type cryptomare have been identified in the L-F region. The light plains units associated with cryptomare east of Mare Marginis (Figure 4a) are Balmer-type. Early mare basalt deposits in this area were subsequently contaminated by highlands material contributed by a number of later impact events ; Gillis and (Table 1) . A variety of mare compositions were emplaced in the region. While these compositions range from VLT basalts to intermediate TiO 2 mare basalts, most are low-TiO 2 basalts. Spudis, 2000] As noted in a previous section, several of the small mare ponds in the L-F region are heavily contaminated with highlands debris. These mare deposits will become cryptomare with the passage of time. In fact, a small mare pond immediately west of Edison crater (Figure 2 ) was mapped as a light plains units by Wilhelms and El-Baz [1977] but is revealed as a mare deposit in Clementine images. This pond is in transition between a highlandscontaminated mare surface and a light plains deposit that exhibits certain mare characteristics. 3.4.3.3. Proximal Basin Ejecta-Type Cryptomare
[46] Antonenko et al. [1995] noted that when a cryptomare is located close to a major impact basin, the ancient mare unit will be covered by a primary ejecta deposit that is thick and continuous. These cryptomare are of the proximal basin ejecta-type. In proximal cryptomare deposits, local mixing by secondary impacts [Oberbeck et al., 1974; Oberbeck, 1975] will not be an important process and the spectral signature of the buried mare will be swamped by primary basin ejecta. Hence the presence of these buried basalts is difficult to detect. The identification of cryptomare deposits buried by proximal basin ejecta depends on the presence of dark-haloed impact craters. No proximal basin ejecta-type cryptomare have been identified in the L-F region.
Distal Basin Ejecta-Type Cryptomare
[47] When the buried mare basalts are somewhat removed from a major impact basin, the ejecta deposit will be thinner [Antonenko et al., 1995] . Also at greater distances from an impact basin, a larger percentage of local material will be incorporated into the resulting deposit by secondary cratering processes [e.g., Oberbeck et al., 1974 Oberbeck et al., , 1975a Oberbeck et al., , 1975b Oberbeck, 1975; Morrison and Oberbeck, 1975] . In the model of Oberbeck and coworkers, which has been termed the ballistic erosion and sedimentation or local mixing hypothesis, the velocity component of the secondary crater ejecta radial to the primary gives rise to a debris surge which moves outward behind the ejecta curtain. At great distances from the impact basin, the mass ejected from the secondary craters can exceed the mass of the primary ejecta projectiles that formed them. Thus the debris surge entrains material of both primary and local origin, with local material dominating the distal deposits. The combined effects of a thin ejecta deposit and a large percentage of incorporated local material allow the chemical and spectral signature of the cryptomare to be preserved [e.g., Antonenko et al., 1995; Blewett et al., 1995] . Extensive evidence for the existence of a distal basin ejecta-type cryptomare in the Schiller-Schickard region of the Moon has been presented by several workers [e.g., Schultz and Spudis, 1979; Hawke and Bell, 1981; Mustard et al., 1992; Head et al., 1993; Blewett et al., 1995; Antonenko and Yingst, 2002] .
[48] A variety of evidence strongly indicates that almost all of the cryptomare on the interior of Lomonosov-Fleming basin is of the distal basin ejecta -type [Giguere et al., 1998 [Giguere et al., , 2001 ]. There are no nearby impact basins that could have buried the L-F cryptomare with primary ejecta. However, the cryptomare do occur near the outer boundaries of the distal ejecta deposits of the Nectarian-aged Crisium and Humboldtianum basins (see plates 3 and 7 of Wilhelms [1987] ). The enhanced FeO and TiO 2 abundances exhibited by the cryptomare surfaces (Figure 4) suggest that ballistic erosion and sedimentation played an important role in their formation.
[49] Wilhelms [1987] noted that secondary crater chains that appear to be radial to the Imbrium basin have been identified in the region [Wilhelms and El-Baz, 1977] and suggested that both the Imbrium and Orientale basins contributed ejecta to the region. The three possible Imbrium secondary chains are widely separated in the region and Imbrium is centered at a distance of 3000 km on the lunar nearside. Even if Imbrium and Orientale ejecta deposits are responsible for the formation of Imbrian-aged light plains in the L-F region, they could not account for the burial of the mare basalts that are covered by Nectarian-aged light plains deposits and other Nectarian-aged units. The majority of the cryptomare on the interior of the L-F basin (Figure 4a ) covered by Nectarian-aged material [Wilhelms and El-Baz, 1977] .
[50] As discussed above, the L-F cryptomare are located near the outer boundaries of the distal ejecta deposits of the Nectarian-aged Crisium and Humboldtianum basins. Crisium is centered west of the L-F basin and its most conspicuous ring is 500 km in diameter (Figure 1 ). Humboldtianum is located 600 km northwest of L-F and has a main ring diameter of 600 km. Extensive Nectarian-aged plains and mantles surround the lineated ejecta blanket of Humboldtianum basin and probably represent distal Humboldtianum ejecta [Wilhelms and El-Baz, 1977] . The proximity of the mapped lineated Humboldtianum ejecta unit as well as presence of probable Humboldtianum basin secondaries on the interior of the L-F basin suggest that Humboldtianum played an important role in the burial of preexisting mare basalt deposits.
[51] Finally, it should be noted that most of the cryptomare in the Lomonosov-Fleming region are associated with light plains units (Figure 4a ). The existence of flat expanses of mare terrain should facilitate the formation of light plains deposits by debris surges produced by the impact of secondary-forming projectiles ejected by large impacts. The results of a variety of remote sensing and geologic studies of the L-F region indicate that the occurrence of Nectarian-aged mare basalt deposits played an important role in the formation of light plains in this portion of the lunar surface.
Conclusions
[52] l. Mare basalt units in the Lomonosov-Fleming region are small and appear to have been contaminated by varying amounts of highlands material. The maximum FeO values range between 11.9 wt% and 15.4 wt%. Maximum TiO 2 values range between 1.5 wt% and 3.6 wt%. With the passage to time, additional contamination of some of the these deposits (e.g., Edison and Artomonov) may produce cryptomare.
[53] 2. Several deposits of dark mantle material of probable pyroclastic origin were identified and mapped in the L-F region. This relatively low-albedo material mantles and subdues subjacent terrain. These deposits are most likely to be pyroclastic debris emplaced by explosive volcanic eruptions.
[54] 3. Dark halo craters in the L-F region are of impact origin. Both chemical and spectral data indicate that ancient mare basalts were excavated by these DHCs. Since mare materials were excavated from beneath higher-albedo highlands-rich surface units, a major expanse of cryptomare exists in and around the Lomonosov-Fleming basin.
[55] 4. The mare basalts exposed by DHCs in the L-F region have been contaminated by varying amounts of highlands debris. After correction for highlands contamination, it was determined that the ancient basalts in the L-F region exhibit a variety of compositions. While these range from very low TiO 2 to intermediate-TiO 2 mare basalts, most are low-TiO 2 basalts. This suggests that a variety of magma source regions were tapped. The earliest mare basalts emplaced in the L-F region are not titanium-rich.
[56] 5. Most cryptomare occur beneath surfaces that range in age from Imbrian to Nectarian. Nectarian-aged units with subjacent crytomare are much more extensive than Imbrian-aged deposits with underlying cryptomare. It is possible that at least some of the buried mare basalts in the L-F region were emplaced during pre-Nectarian time.
[57] 6. Volcanism in the L-F region appears to have peaked in the Nectarian period. Smaller amounts of mare material were erupted in Imbrian time.
[58] 7. Cryptomare in the Lomonosov-Fleming region were formed by covering ancient mare surfaces with varying thicknesses of highland debris. Both impact basins and craters played a role by transporting highlands material to mare surfaces. While both Copernicus-type and Balmertype cryptomare exist in the L-F region, a variety of evidence indicates that most of the cryptomare units inside the Lomonosov-Fleming basin are of the distal basin ejectatype. These cryptomare deposits are located near the outer boundaries of the distal ejecta deposits of the Nectarianaged Crisium and Humboldtianum basins.
[59] 8. The enhanced FeO and TiO 2 abundances exhibited by cryptomare surfaces indicate that major amounts of mare material were incorporated into the surfaces of the cryptomare deposits during the emplacement of the highlands debris that obscures the ancient mare basalts. Calculations indicate that the surfaces of the cryptomare deposits contain 21% to 50% mare debris. The high abundances of local mare basalt in the cryptomare surfaces indicate that ballistic erosion and sedimentation played an important role in their formation.
[60] 9. Most of the cryptomare in the Lomonosov-Fleming region are associated with light plains deposits. The existence of flat expanses of mare terrain facilitated the formation of light plains units by debris surges produced by the impact of secondary-forming projectiles ejected by basin-forming impacts.
